ABSTRACT When devising methods to sample Aedes aegypti (L.) eggs from naturally-occurring containers to investigate selective oviposition, failure to take into account certain aspects of Ae. aegypti behavior can bias study inferences. In Iquitos, Peru, we tested three assumptions related to designing Ae. aegypti oviposition Þeld studies, as follows: 1) lining containers with paper as an oviposition substrate does not affect oviposition; 2) diurnal egg-laying activity peaks in the late afternoon or early evening, and there is little oviposition during midday; and 3) the gonotrophic cycle length of wild females averages from 3 to 4 d. When wild females were presented with containers lined and unlined with paper toweling, the presence of paper increased oviposition in plastic and metal containers, but had no effect in cement containers. Recording the number of eggs laid by Ae. aegypti every 2 h throughout the day delineated a bimodal diurnal oviposition pattern, with a small morning peak, decreased activity during midday, and a predominant peak in the late afternoon and evening from 16:00 to 20:00 h. Daily monitoring of captive individual F 0 females revealed that the gonotrophic cycle length was typically 3Ð 4 d for the Iquitos population. These Þndings will be used to adjust Þeld study design to 1) account for sampling eggs using paper toweling, and 2) determine the time of day and number of days over which to sample Ae. aegypti eggs. We explored how failure to consider these behaviors could potentially bias Þeld assessments of oviposition preferences.
Current Aedes aegypti (L.) surveillance and control practices rely on several assumptions regarding the mosquitoÕs oviposition behavior. For example, sensitivity of ovitraps for detecting Ae. aegypti presence and efÞcacy of lethal ovitraps for reducing adult populations may be overestimated if female preference for alternative containers is greater than anticipated (Sithiprasasna et al. 2003 , Harrington et al. 2008 . Similarly, targeted source reduction is based on the assumption that females egg-saturate all available oviposition sites, such that removal of a portion of containers will result in a net reduction in the adult population (Focks and Alexander 2006) . If oviposition sites are not egg saturated, targeted container removal may encourage females to oviposit in previously unoccupied sites, so that less than expected population reduction will be achieved. Because of the central importance of oviposition site selection for Ae. aegypti surveillance and dengue prevention strategies, detailed studies are warranted on where wild females deposit their eggs and how they adapt to targeted control measures that aim to reduce without eliminating all oviposition containers.
To infer mosquito egg-laying choices, egg counts typically are compared among oviposition sites differing in a variety of biotic (Blaustein and Kotler 1993, Kißawi et al. 2003) and/or abiotic attributes (Heard 1994 , Harrington et al. 2008 . To avoid potential biases, designing a program to sample Ae. aegypti eggs from naturally-occurring containers in the Þeld requires consideration of multiple facets of oviposition behavior. First, egg collection techniques should ideally have no impact on oviposition. If collection techniques differentially affect oviposition rates depending on container type, such effects should be quantiÞed and accounted for when applied to Þeld populations. Second, to minimize disturbing and potentially altering behavior of egg-laying females, eggs should be collected from containers during a time of low diurnal oviposition activity. Third, to obtain representative data on oviposition choices, eggs should be collected on several continuous days for a period equivalent to the average gonotrophic cycle length. Because Ae. aegypti exhibit overlapping generations (Southwood et al. 1972) , a shorter sampling period may result in some female preferences being missed, whereas a longer sampling period may cause certain females to be overrepresented.
Collecting Aedes mosquito eggs directly from natural and artiÞcial containers is difÞcult to achieve without destroying the eggs or oviposition sites. Lining the inside surface of containers with seed germination paper has proven to be an effective method to collect eggs in the Þeld with minimal disturbance to oviposition sites (Steinly et al. 1991 , Harrington et al. 2008 . Whether the presence of paper affects oviposition rates in different container types has yet to be documented despite evidence from laboratory and Þeld studies that egg-laying Ae. aegypti are inßuenced by substrate texture (OÕGower 1963 , Fay and Perry 1965 , Chadee et al. 1995 .
Although diurnal Ae. aegypti oviposition activity previously has been investigated, variation between the laboratory and Þeld, as well as among different Þeld populations, makes predicting Ae. aegypti behavior difÞcult for a speciÞc location. Early laboratory experiments demonstrated that Ae. aegypti oviposition followed a regular circadian rhythm, with low activity throughout the day leading to a clearly deÞned peak in the late afternoon (Haddow and Gillett 1957) . In Kenya, McClelland (1968) observed a bimodal pattern with a small morning peak, low activity during midday, and a predominant peak in late afternoon and early evening. In Trinidad, West Indies, Chadee and Corbet (1987) reported different diurnal oviposition periodicities depending on the season. A pattern consistent with that seen in Kenya emerged during the wet season, whereas during the dry season, oviposition occurred throughout the day, gradually leading to a peak in late afternoon. This trend of oviposition throughout the day, culminating in a late afternoon or evening peak, was also observed in Thailand by Harrington et al. (2008) irrespective of season.
Variation has been reported in the duration of Ae. aegyptiÕs gonotrophic cycle. Laboratory observations (Christophers 1960) , as well as Þndings from markrelease-recapture studies in Thailand (Sheppard et al. 1969, Pant and Yasuno 1973) and Tanzania (McClelland and Conway 1971) , indicated that females require 3Ð 4 d to mature a batch of eggs after feeding on blood. In contrast, a more prolonged gonotrophic cycle from 3 to 7 d was estimated by mark-release-recapture in Puerto Rico . Because physiological processes in Ae. aegypti are dependent on temperature and relative humidity (Clements 1992 , Focks et al. 1993 , inconsistencies in behavior may be related to meteorological differences among locations and/or seasons.
The current study was carried out to test the three following assumptions regarding Ae. aegypti oviposition behavior in preparation for designing an eggsampling research program: 1) lining containers with strips of paper does not differentially affect oviposition; 2) diurnal egg-laying activity peaks in the late afternoon and/or early evening, and there is little oviposition during midday; and 3) gonotrophic cycle length of wild females averages 3Ð 4 d. In preparation for a larger subsequent oviposition study, we discuss how failure to account for the behaviors that underlie these assumptions could potentially bias a Þeld assessment of oviposition preferences.
Materials and Methods
Study Location. Our study was conducted in the city of Iquitos (73.2ЊW, 3.7ЊS, 120 m above sea level), along the banks of the Amazon River in the Department of Loreto, Northeastern Peru. Iquitos is an isolated city of Ϸ380,000 people and has been described in detail in prior studies (Getis et al. 2003 , Schneider et al. 2004 , Morrison et al. 2010 .
Meteorological and Astronomical Data. For the days on which experiments took place, daily air temperature, relative humidity, and rainfall data were attained from a National Oceanic and Atmospheric Administration meteorological station located at the Iquitos airport ϳ6 km from the city center (National Climatic Data Center, United States Department of Commerce 2009). Timings of sunrise and sunset in Iquitos throughout the year were obtained from the Naval Oceanography Portal website (United States Naval Observatory 2009).
Substrate Preference. Textured brown paper towel (Kimberly-Clark, Dallas, TX) was used in our study rather than seed germination paper for practical reasons; it was easier to cut and less expensive. To test the impact of paper toweling on oviposition, we compared counts of eggs laid per day in containers made of plastic, metal, and cement that were lined or not lined with strips of paper towel. Plastic (buckets, tubs, bowls, cups, etc.) and metal (55-gallon drums, pots, pans, paint cans, etc.) were the Þrst and second most abundant container materials in Iquitos, respectively . Although plastic and metal containers varied widely in size and shape, we elected to use plastic buckets (27 cm diameter ϫ 28 cm height) and metal pots (31.5 cm diameter ϫ 32 cm height) because they were present in most Iquitos homes. Cement containers, while not as common, were also of interest because they tended to be large tanks with the potential to produce many immature Ae. aegypti. To maintain consistency in container size and shape in this experiment, we used metal pots that we lined on the inside with cement (27.5 cm diameter ϫ 28.5 cm height). Eggs were collected daily at a cemetery over 34 continuous days during August and September 2007 and in the open courtyard of our Þeld laboratory for 26 continuous days during September and October 2007. Our Þeld laboratory, a house located in the central part of the city, was typical of an Iquitos household in that adult Ae. aegypti were consistently present.
At each location, two blue plastic buckets, two gray metal pots, and two gray cement-lined metal pots were set out and Þlled to one-third capacity with tap water. Containers of the same material were paired 0.5 m apart, and the distance between container pairs was Ϸ1 m. All six containers were set in close proximity in an attempt to standardize microclimate conditions (temperature, relative humidity, solar exposure, etc.) and to reduce the effects of container placement on oviposition. One container of each pair was randomly selected to be lined with a strip of paper towel. Halfway through the experiment, the paper treatment was switched and the alternate container was lined to identify any effect of container position.
Containers were checked for eggs daily between 09:00 and 11:00 h. If eggs were present in lined containers, the paper was exchanged. Papers with eggs were dried, and eggs were counted under a dissecting microscope at ϫ20 magniÞcation. A subset of eggs was hatched once per week, and individuals were reared to adults to conÞrm their identity as Ae. aegypti. For containers without paper, eggs were counted on the inside surface of the container using a ßashlight and magnifying glass. The count was repeated in unlined containers until the same number was conÞrmed a second time. Eggs were then wiped off the inside surface of plastic and metal containers with a paper towel or scrubbed off cement containers with a toothbrush. Containers were cleaned and water changed every 2Ð3 d to minimize differences in water quality.
These data were analyzed with a generalized estimation equation to account for nonnormality in egg counts and autocorrelation among observations from the same container using the geepack package in R version 2.8.1 (Halekoh et al. 2006 , R Development Core Team 2008 ). An autoregressive association matrix was used because observations were made at regular 24-h intervals (Zuur et al. 2009 ). The main effects of container material (plastic, metal, or cement), paper, location (cemetery or Þeld laboratory), position (which container in pair was lined with paper), and time, as well as the interaction between container material and paper, were examined. A Wald test was applied to identify nonsigniÞcant predictor variables. In the open courtyard of the Þeld laboratory, Þve black plastic tubs (40 cm diameter ϫ 20 cm height) were set out, Þlled to two-thirds capacity with tap water, and lined with strips of brown paper towel to collect eggs. Egg laying was monitored outdoors because containers in Iquitos are far more likely to be colonized by Ae. aegypti if located outside than inside .
Because female Ae. aegypti lay the majority of their eggs during the day (Haddow and Gillett 1957 , McClelland 1968 , Chadee and Corbet 1987 , Harrington et al. 2008 , we recorded the number of eggs laid in all Þve tubs at 2-h intervals from 06:00 to 22:00 h. Eggs present at 06:00 h were laid between 22:00 h the previous evening and 06:00 h. If eggs were found, the paper liner was changed and eggs counted, as described above.
Data were analyzed separately by year. Egg counts were summed across all Þve tubs at each collection point. The arithmetic mean was calculated over replicate days to obtain a measure of central tendency for the number of eggs laid during each 2-h period. Total egg counts for each 2-h period were analyzed by 2 test to determine whether females exhibited periodicity in egg laying.
Gonotrophic Cycle Length. F 0 generation Ae. aegypti were individually monitored for up to 21 d to determine length of the gonotrophic cycle. Ten females collected from the Þeld as pupae were followed in September 2007. Because the number of Þeld-collected pupae was limiting, 35 females reared in the laboratory from Þeld-collected eggs were followed in October 2007.
Field-collected eggs were allowed to embryonate in a moist chamber for 48 h and then hatched by immersion in hay infusion overnight (Munstermann 1997) . The next morning, larvae were transferred at a density of 100 larvae/L to 1-liter plastic containers Þlled with bottled drinking water. Because tap water in Iquitos contains microorganisms, bottled drinking water was used to standardize all mosquito-rearing procedures. Larvae were fed a 1:1 mixture of Þsh meal and wheat ßour (days 0 and 1, 20 mg/liter; day 2, 30 mg; day 3, 40 mg; days 4 and 5, 60 mg). Larvae were reared indoors and exposed to ambient conditions, that is, natural light and temperature.
Field-collected and laboratory-reared pupae were transferred to individual plastic vials (2.5 cm diameter ϫ 7 cm height) Þlled to one-half capacity with bottled drinking water for emergence in the laboratory. Within 12 h of emergence, adult females were mouth aspirated into individual 1-pint paper cartons with mesh lids. Each carton contained an unmated adult male that had emerged 2 d prior and a small plastic cup (5 cm diameter ϫ 6 cm height) Þlled to two-thirds capacity with tap water and lined with brown paper towel for oviposition. Each carton was covered with a wet paper towel and an inverted plastic bag to maintain high humidity and kept in a shaded area in the Þeld laboratory courtyard.
Females were offered human blood from an arm placed on top of the mesh lid for 10 min daily between 15:00 and 17:00 h and then visually examined for engorgement. Because wild female Ae. aegypti living in close association with humans feed frequently on human blood and rarely on plant carbohydrates (Edman et al. 1992 , Van Handel et al. 1994 , Scott et al. 2000a ), mosquitoes were not given access to sugar. Cups were inspected daily for eggs before blood feeding the females. If eggs were present, mosquitoes were temporarily transferred to an empty carton by mouth aspirator while the paper was exchanged. Number of eggs, blood feeding, and mortality were recorded daily.
Female Ae. aegypti often take multiple blood meals before developing a batch of eggs (McClelland and Conway 1971, Scott et al. 1993 ) and may lay their eggs from a single batch in installments over several days (Christophers 1960) , which makes it difÞcult to clearly distinguish when one gonotrophic cycle ends and the next begins. In this study, we deÞned the gonotrophic cycle as starting with the initial blood meal, or the Þrst postoviposition blood meal, and ending with the last installment of the resulting egg batch.
Eggs laid on consecutive days were considered installments of the same egg batch and attributed to the same gonotrophic cycle (Gillett 1962) . Eggs laid more than 1 d apart with an intervening blood meal were attributed to separate gonotrophic cycles. Females that died without laying any eggs were excluded from analyses.
Because data on gonotrophic cycle length could not be transformed to meet the assumption of normality, they were rank transformed and analyzed by repeated measures analysis of variance (ANOVA) for effects of female origin or gonotrophic cycle number using PROC MIXED in SAS 9.2 (SAS Institute 2008). Not all females completed the same number of gonotrophic cycles, so repeated measures ANOVA was carried out on rank-transformed data (Conover 1999) as a means to generalize the Friedman test to an unbalanced repeated measures design.
The University of California, Davis, Institutional Review Board determined that this experiment did not meet the criteria for human subject research, and thus, did not require human subjects approval.
Results
Meteorology and Astronomy. Average minimum and maximum daily temperature, mean temperature, and mean relative humidity remained consistent in Iquitos among study periods (Table 1) (Table S1) .
Timing of sunrise and sunset shifted by Ϸ30 min throughout the year. Sunrise occurred between 05:29 and 0:600 h, whereas sunset occurred between 17:43 and 18:14 h. Substrate Preference. Oviposition by Ae. aegypti was affected by container material, paper, and time. There was no effect of position (which container of the pair was lined with paper, Wald P ϭ 0.276) or location (cemetery versus Þeld laboratory, Wald P ϭ 0.310). Fig. 1 shows the mean number of eggs laid per day (ϮSE) by wild Ae. aegypti in plastic, metal, and cement containers, subdivided into those lined and unlined with paper. In the absence of paper, females laid fewer eggs on metal (␤ ϭ Ϫ1.33, P Ͻ 0.001) and plastic containers (␤ ϭ Ϫ1.20, P Ͻ 0.001) compared with cement containers. The effect of paper on oviposition depended on container material. Although paper had no effect on egg counts in cement containers (P ϭ 0.536), the presence of paper led to increased oviposition in metal (␤ ϭ 1.32, P ϭ 0.004) and plastic containers (␤ ϭ 0.81, P ϭ 0.083). Overall, more eggs were deposited over time as the experiment progressed (␤ ϭ 0.013, P ϭ 0.002).
Diurnal Oviposition Periodicity. During July and August 2007, 7,118 Ae. aegypti eggs were collected (daily mean ϭ 445 Ϯ 57 SE). Field populations of Ae. aegypti exhibited signiÞcant variation in the number of eggs laid among time periods ( 2 ϭ 13,274.71, df ϭ 8, P Ͻ 0.001), with a diurnal bimodal pattern (Fig. 2a) . Oviposition began in the morning with a small peak from 06:00 to 08:00 h (13% of total eggs collected), decreased during midday with the fewest eggs laid from 10:00 to 12:00 h, and then increased again with the largest peak (64% of total eggs collected) occurring in the evening from 16:00 to 20:00 h. No eggs were laid overnight from 22:00 to 06:00 h.
During May 2009, 1,998 eggs were collected (daily mean ϭ 333 Ϯ 59 SE). Oviposition periodicity was Fig. 1 . Mean number of eggs laid per day (ϮSE) by wild Ae. aegypti in containers made of metal, plastic, and cement. For each type of material, females were given the choice between containers lined with paper versus unlined. No signiÞcant differences in egg counts were found because of container position (which container in pair was lined with paper, Wald P ϭ 0.276) or container location (cemetery versus Þeld laboratory, Wald P ϭ 0.310). Data shown are combined with respect to position and location. again evident ( 2 ϭ 3,060.62, df ϭ 8, P Ͻ 0.001), with the largest peak in egg laying (56% of total eggs) occurring from 16:00 to 20:00 h (Fig. 2b) . Similar to July and August 2007, few eggs were collected daily from 10:00 to 12:00 h. The most striking difference between the two study periods was that oviposition continued late into the night during May 2009, with 15% of total eggs laid overnight from 22:00 to 06:00 h.
Gonotrophic Cycle Length. Nine of 10 females collected from the Þeld as pupae and 24 of 35 females reared from Þeld-collected eggs oviposited. Fig. 3 shows the number of gonotrophic cycles completed by these 33 females. Because only a single female reared from Þeld-collected eggs survived to the sixth gonotrophic cycle, data from the sixth cycle were deleted and analyses were limited to the Þrst Þve gonotrophic cycles for both groups of females.
Least square means (ϮSE) for gonotrophic cycle length are shown in Fig. 4 . Gonotrophic cycle length did not differ by female origin (ANOVA, F ϭ 3.40; df ϭ 1, 31; P ϭ 0.075) or gonotrophic cycle number (ANOVA, F ϭ 1.07; df ϭ 4, 83; P ϭ 0.375). Females from Iquitos required an average of 3.8 d to complete their gonotrophic cycle.
Discussion
When devising methods to sample Ae. aegypti eggs from naturally-occurring containers to investigate selective oviposition, failure to account for certain aspects of the mosquitoÕs behavior can bias study inferences. In this study, we gathered site-speciÞc data on substrate preference, diurnal periodicity, and gonotrophic cycle length that can be used to minimize bias in the design of an egg-sampling program. Our results from Iquitos, Peru, differed from some Þndings from other locations, underscoring the importance of validating key assumptions for different locations and Þeld populations.
Lining containers with paper as a transportable oviposition substrate facilitated collecting Ae. aegypti eggs in the Þeld (Steinly et al. 1991 , Harrington et al. 2008 . Our assumption, however, that paper does not differentially affect the number of eggs laid by wild Ae. aegypti in different container types proved untrue. Lining smooth-walled metal and plastic containers with textured paper toweling provided a rougher surface, which we suspect resulted in increased oviposition in these containers (Fig. 1) . This is consistent with previous studies demonstrating that Ae. aegypti prefer to lay eggs on rough substrates (OÕGower 1963 , Fay and Perry 1965 , Chadee et al. 1995 . Although containers differed in color (metal and cement-lined pots were gray, and plastic buckets were blue), this did not explain the observed pattern of oviposition. In the absence of paper, metal and plastic containers received comparable numbers of eggs, whereas cement containers, having the roughest texture, received signiÞcantly more eggs.
The presence of paper, therefore, introduced a systematic bias by increasing Ae. aegypti oviposition in containers composed of smooth materials. Container material could no longer be examined as a selection criterion for oviposition because oviposition surfaces were made artiÞcially homogeneous. Investigators using paper to collect eggs can account for this limitation by either disregarding container material in analyses, or adjusting analyses based on ratios of eggs laid during pilot studies in different container types without paper.
The assumption that most oviposition in Iquitos occurs in the late afternoon or early evening, with little activity during midday, was conÞrmed (Fig. 2) . Our results were broadly consistent with reports of Ae. aegypti oviposition patterns in the laboratory (Haddow and Gillett 1957, Chadee 2008) and the Þeld (McClelland 1968 , Chadee and Corbet 1987 , Corbet and Chadee 1990 . In contrast to Iquitos, Ae. aegypti laid eggs throughout the day in Thailand (Harrington et al. 2008) and during the dry season in Trinidad, West Indies (Chadee and Corbet 1987), leading to a broad, diffuse peak around sunset. Differences in the diurnal pattern of mosquito oviposition between locations or seasons may be the result of temperature, humidity, and/or rainfall (Corbet 1963, Chadee and Corbet 1987) . Because our data were collected during only 3 mo, no inferences could be made regarding seasonal changes in the timing of oviposition. Unlike in Thailand (Harrington et al. 2008) and Trinidad (Chadee and Corbet 1987), however, rain falls throughout the year in Iquitos (see detailed data in Supplemental Materials Table S1 ). Because of consistency in air temperature and relative humidity (National Climatic Data Center 2009), we did not expect large seasonal ßuctuations in oviposition patterns. Timing of peak egg-laying activity remained relatively constant throughout the year, with maximum oviposition during the hours closest to sunset.
A shortcoming of our study was that microclimate factors (air temperature, relative humidity, water temperature, and light intensity) were not measured at the individual container level. Although conditions recorded at the airport were indicative of general climate trends in Iquitos, variation in microclimate between containers or between study periods would have provided additional valuable information for data analysis.
Because changing oviposition substrates in containers can disturb females, the timing and frequency of egg sampling can potentially affect Ae. aegypti oviposition patterns (Chadee 2008) . Studies of other egglaying species have demonstrated that interference by experimenters can cause females to reject or avoid oviposition sites (Cooley et al. 1986, Castilla and Swallow 1995) . In Iquitos, very few eggs were laid during midday from 10:00 to 12:00 h, indicating that sampling containers for eggs during this time window would minimize disruption and subsequent alteration of oviposition behavior.
Our estimates of gonotrophic cycle length were consistent with other laboratory Þndings (Christophers 1960) and results from mark-release-recapture studies in Thailand (Sheppard et al. 1969, Pant and Yasuno 1973) and Tanzania (McClelland and Conway 1971) . In Puerto Rico, a longer gonotrophic cycle from 3 to 7 d was estimated by mark-release-recapture . Lower ambient temperature leads to slower blood meal digestion and a longer gonotrophic cycle (Focks et al. 1993 , Scott et al. 2000b ). The average maximum and minimum daily temperatures (ϮSD) recorded in Puerto Rico by (27 Ϯ 2ЊC and 19 Ϯ 2ЊC, respectively) were cooler than those in Iquitos during our experiment (Table 1) , consistent with the idea that differences in ambient temperature inßuenced the observed differences in gonotrophic cycle length. It should be noted that holding mosquitoes captive in the laboratory was a limitation in our study design. Females were conÞned to a small space and given the opportunity to feed on blood only once per day.
Based on our estimates of gonotrophic cycle duration in Iquitos, we recommend collecting Ae. aegypti eggs from containers over 3Ð 4 consecutive days at our study site. Because the purpose of our sampling scheme was to draw conclusions representative of the entire population, we aim to reduce sources of sampling bias. Within a population, different habitat selection strategies are likely employed by different individuals (Doligez et al. 2003) . The process of selecting a subset of houses in which to collect eggs already limits the number of individual females in the population that can be observed and their options for oviposition sites. Collecting eggs for a time period equivalent to the length of the gonotrophic cycle should yield representative data on oviposition choices. Because Ae. aegypti generations overlap in the Þeld, a shorter collection period would exclude some females, whereas a longer collection period may overrepresent females that are able to complete multiple egg-laying cycles.
These Þndings were used to design a subsequent, in-depth Þeld investigation of Ae. aegypti oviposition site selection among naturally-occurring containers in Iquitos. We were able to modify our analyses to account for sampling eggs using paper toweling, as well as determine the appropriate time of day and number of days over which to sample Ae. aegypti eggs. By recognizing and reducing potential sources of bias in Þeld study designs, investigators can develop a more accurate understanding of Ae. aegypti behavior in the wild. Insight into oviposition behavior, in particular how females allocate their eggs among different containers and how they adapt to changes in container availability, will help improve Ae. aegypti surveillance and control.
